Introduction
At its heart, modern chemistry is a quest to understand the relationship between structure and (biological or material) function. From a biological point of view, we do not yet understand the rules for predicting 1) whether a particular small molecule will interact with proteins, 2) what protein it will interact with if it does, and 3) which mode of interaction it will employ. Chemists have formulated only relatively limited empirical rules (such as Lipinskis "rule of five") to guide efforts to generate molecules of desirable biological function. [1] If we had such insight, designing small molecule modulators of proteins of known structures (crystallographically or spectroscopically) would be relatively easy. Our scientific understanding today is, however, quite far from allowing us to develop desired functions based on structure alone-without a priori information. One approach toward broadening our understanding of the relationship between structure and function would be to generate many new small molecules that modulate proteins functions and study the interactions between them.
In this context, collections of compound libraries have been established as common starting points for the study of chemical genetics and the discovery of new drugs. [2] The development of efficient methods for the construction of libraries encompassing the maximum amount of chemical space is a particularly challenging task for organic chemists. [3] Establishing the maximum amount of skeletal diversity is the key factor toward improving the efficiency for novel therapeutic leads screening. [4] Diversity-oriented synthesis (DOS) entails the development of pathways leading to the efficient synthesis of collections of small molecules exhibiting rich skeletal and stereochemical diversity.
[5] Compared with libraries constructed from common scaffolds decorated with diverse substituents, [2b, 6] examples of libraries of small molecules featuring high degrees of skeletal diversity are relatively limited. [7] In addition, although such exercises are undertaken based on the premise that a diverse range of scaffolds should provide a higher chance for discovery of small-Supporting information for this article is available on the WWW under http://dx.doi.org/10.1002/chem.201002195.
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Results and Discussion
Cycloaddition of electron-deficient allenes under phosphine catalysis is a robust method for obtaining a variety of carboand heterocycles in an atom-economical and environmentally friendly manner. [8] The phosphine-catalyzed reactions are typically high yielding and compatible with solid phase synthetic processes. For example, using methodology developed by Lus group [9] and our own, [10] we have previously generated a library of small-molecule protein geranylgeranyltransferase type I (GGTase-I) inhibitors through solid-phase split-pool synthesis. [6d, 11] The pyrrolines and tetrahydropyridines resulting from the phosphine catalysis of allenoates and imines possess a common a,b-unsaturated ester group. In our previous synthesis of GGTase-I inhibitors, the a,benoate functionality provided a handle for highly diastereoselective Michael additions of thiols. Although the conjugate addition of thiols provided only a relatively moderate level of skeletal variation, the pentasubstituted pyrrolidine products were identified as the first small-molecule RabGGTasespecific inhibitors. [11] [12] We envisioned that the versatile chemistry of conjugated enoates might provide a handle for further scaffold diversification. When the C=O moiety of an a,b-unsaturated ester is methylenated, the resulting dienol ether (an electron-rich diene) can undergo Diels-Alder reactions with electron-deficient dienophiles to generate a variety of fused heterocyclic compounds possessing distinctive frameworks (Scheme 1).
To begin exploring this concept, we prepared, as starting materials, the pyrrolines 3 a-3 j and the tetrahydropyridines 4 a-4 f, through phosphine-catalyzed ring-forming reactions between the allenoates 1 and the imines 2, in excellent yields (90-97 %) on multigram scales (Scheme 1). [9] [10] The methylenation of the a,b-unsaturated esters with the Tebbe reagent [13] gave the corresponding ethoxy dienes 5 a-5 j and 6 a-6 f with good reaction efficiencies (50-82 %). Although these enol ethers are slightly unstable on silica gel or in CDCl 3 solution, some of them (e.g., 5 b, 6 a, and 6 e) could be stored at À20 8C for up to one month, without decomposition, after purification. All of the multiply substituted pyrrolines 3 and tetrahydropyridines 4 gave the desired products of their Tebbe reactions.
The Diels-Alder reactions between the Tebbe reaction products and electron-deficient dienophiles provided another key skeleton-diversifying branch in our DOS pathway (Scheme 2). Through dienophile screening, we identified maleimides, N-phenyl triazolinedione, tetracyanoethylene, imines, benzoquinone, and 2,6-dichlorobenzoquinone as very good reaction substrates for the Diels-Alder reactions of the ethoxy dienes. Although the reaction yields were only moderate to good (35-85 %), the reaction stereoselectivities were excellent. Indeed, considering that the compounds in the library possess up to six stereogenic centers, the selectivities of the Diels-Alder reactions are quite remarkable.
Specifically, we detected only single diastereoisomeric products from the cycloadditions of the pyrroline-derived dienes 5 with maleimides, N-phenyltriazolinedione, tetracyanoethylene, and 2,6-dichlorobenzoquinone and from the cycloadditions of the tetrahydropyridine-derived dienes 6 with N-phenyl triazolinedione, benzoquinone, and imines. The cycloadditions of the dienes 6 with maleimides and tetracyanoethylene exhibited diastereoselectivities of up to 6:1 and 10:1, respectively. When benzoquinones were used as the dienophiles, we detected no direct Diels-Alder reaction prod- (4 equiv), MeOH (5-15 %), CH 2 Cl 2 , RT, 48 h; for 8 a-8 j, N-phenyltriazolinedione (2 equiv), CH 2 Cl 2 , 08C, 1 h; for 9 a-9 g, tetracyanoethylene (2 equiv), CH 2 Cl 2 , 08C, 1 h; for 10 a-10 d, dichlorobenzoquinone (4 equiv), toluene, 80 8C, 5 h; for 10 e, benzoquinone (4 equiv), toluene, 80 8C, 5 h; then CHCl 3 , SiO 2 , Et 3 N, RT, 12 h; for 11 a-11 f, maleimide (4 equiv), MeOH (5-15 %), CH 2 Cl 2 , RT, 48 h; for 12 a-12 e, N-phenyltriazolinedione (2 equiv), CH 2 Cl 2 , À78 8C, 5 h; for 13 a-13 f, tetracyanoethylene (2 equiv), CH 2 Cl 2 , À78 8C, 5 h; for 14 a-14 c, benzoquinone (4 equiv), toluene, 80 8C, 10 h; for 15 a-15 j, imine (4 equiv), toluene, 65 8C, 24 h. See the Supporting Information for the list of the dienophiles tested, the reaction details, and the compound structures. ucts; instead, we isolated the oxidized benzoquinones 10 a and 14 c and the naphthoquinones 10 e and 14 a (Scheme 3). Based on the isolation of dienophile-derived hydroquinone byproducts, we surmise that dehydrogenation or dehydrochlorination occurred, following the Diels-Alder reactions, in the presence of excesses of benzoquinone dienophiles. [14] It is also notable that the cyclohexene double bond, resulting from the Diels-Alder reaction, isomerized into conjugation with the benzoquinone in 10 a. Given the complexity of the structures of the library compounds, determining their structures, especially their stereochemistry, was a challenge. The relative configuration of each scaffold obtained from the Diels-Alder reactions (Scheme 3), with the exception of 14 c, was established unequivocally through X-ray crystallographic analysis (see the Supporting Information). The structure of 14 c was established based on 1 H, 13 C, DEPT, and COSY NMR spectroscopic and mass spectrometric data. In addition, compound 14 c, when left at room temperature for over 6 months, was converted into its isomer 14 c', which features its enol ether double bond in conjugation with the benzoquinone motif (compare with compound 10 a); the X-ray diffraction data of the crystalline solid 14 c' provided the relative configuration of compound 14 c. As verified by the X-ray crystallographic analysis, for the dienes 5, the chiral center(s) created in the phosphine-catalyzed [3 + 2] ring-forming reactions controlled the face from which the dienophile approached the diene in endo-selective Diels-Alder reactions (7 d, 8 a, 9 a, 10 a); specifically, dienophiles approached the dienes 5 from the face opposite the C2 substituent. The Diels-Alder reactions of the tetrahydropyridine-derived dienes 6 displayed relatively mixed facial selectivities. The reaction with maleimide, although endo-selective, produced the two diastereoisomers 11 aa and 11 ab in a 2:1 ratio, presumably because the C2 stereogenic center was too far removed from the reaction center to exert a significant steric bias. The dienophiles N-phenyltriazolinedione, tetracyanoethylene, and benzoquinone underwent [4 + 2] cycloadditions by adding to the diene 6 from the face opposite the C2 aryl group (yielding 12 a, 13 a, and 14 c, respectively). Interestingly, for imine dienophiles, the endo-selective DielsAlder reaction provided, for example, the octahydro-1,6-naphthyridine 15 a, in which the tosyl group in the tetrahydropyridine ring of the diene 6 controlled the facial approach of the imine dienophile. X-ray crystallography revealed that the tetrahydropyridine [10a] and the octahydronaphthyridine featured anti relationships between their a-phenyl and Ntosyl groups.
Surprisingly, the Diels-Alder reaction products featuring enol ether units were quite stable during purification through silica gel. Most of them could be stored at À20 8C for several months without detectable decomposition. The enol ether units were hydrolyzed to the corresponding ketone products (16-18) upon treatment with a solution of aqueous HCl (0.1 m) in acetone (Scheme 4). Only a single isomer was detected in each case; the reaction yields ranged from good to excellent (75-95 %). The ketones were obtained with cis-5,6-fused rings (compounds 16) or trans-6,6-fused rings (compounds 17). [15] It is noteworthy that the decahydronaphthyridinones 18 featured a cis-fused [4.4.0] bicyclic framework.
With the collection of 91 compounds in hand, we tested them in an assay for cancer cell migration. Although cell movement is a basic biological phenomenon involved in a range of normal and disease processes, including cancer cell invasion and metastasis, research probes and chemotherapeutics that function through known mechanisms that specifically target cell migration are rare. [16] Despite the relatively small number of compounds in our library, we were optimistic about the prospect of identifying compounds exhibiting antimigratory activity because of the broad chemical space covered by the products generated from the branched pathway (phosphine catalysis/Tebbe/Diels-Alder/ (hydrolysis)). The compound library was screened in a medium-throughput wound closure assay to identify molecules that inhibited the migration of MDA-MB-231 human breast cancer cells, essentially as previously described. [17] To our delight, compounds 9 f, 10 e, and 13 e exhibited subtoxic antimigratory activity in the wound closure assay (Table 1) .
These compounds inhibited cell migration over a range of concentrations below the threshold at which cell death first became apparent, suggesting that their antimigratory activity was separate from-and not just a secondary consequence of-general cytotoxic effects. Their IC 50 values for inhibition of cell migration were comparable with that of the natural product migrastatin, which has an IC 50 of 29 mm and has served as a lead for the subsequent development of more potent analogues. [18] Cell migration is a necessary, but not sufficient, condition for the metastasis of solid tumors; a major determinant of a cancer cells metastatic potential is its ability to invade through extracellular matrix barriers. Therefore, we tested these compounds for their activities using a cell invasion assay. Of the three antimigratory compounds, compound 13 e displayed the broadest range of subtoxic activity against cell invasion (Figure 1 ).
Compounds 9 f, 10 e, and 13 e were also evaluated in a tetrazolium salt-based cell proliferation and viability assay. They did not inhibit cell growth at concentrations at which they inhibited cell migration and invasion, but did become cytotoxic at higher concentrations over a very narrow range, with minimum lethal concentration (MLC) values similar to those in Table 1 determined from the trypan blue dye exclusion assay conducted at the end of the wound closure experiments. Therefore, these compounds inhibit cell migration and invasion at subtoxic concentrations, but, interestingly, they do not exhibit subtoxic antiproliferative (cytostatic) activity separable from cytotoxicity. Our findings suggest that these compounds have specificity for targets involved in modulating cell migration and invasion over proliferation. These compounds may, therefore, serve as leads for the development of targeted inhibitors of cell migration and invasion to block breast cancer metastasis.
Conclusion
We have synthesized a library of fused heterocyclic compounds, with 16 distinct scaffolds, through a sequence of phosphine-catalyzed ring-forming reactions, Tebbe reactions, Diels-Alder reactions, and, in some cases, hydrolysis. Our aim for this DOS approach was to efficiently achieve sufficiently high levels of skeletal diversity to explore biologically relevant regions of chemical space. Indeed, our current li- [a] Minimum inhibitory concentration (MIC) represents the lowest concentration tested at which there was statistically significant (by unpaired, two-tailed Students t-tests (P < 0.05)) inhibitory activity in the wound closure assay.
[b] Half-maximal inhibitory concentration (IC 50 ) values were calculated for inhibition of wound closure at 9 h post-wounding from concentration-response profiles for a range of subtoxic concentrations (n = 7-9 wounds from three independent experiments).
[c] The 95 % confidence interval (CI) of the IC 50 .
[d] Minimum lethal concentration (MLC) represents the lowest concentration tested at which there was statistically significant cell death, measured using the trypan blue dye exclusion assay, by the end of wound closure experiments. Figure 1 . Inhibition of invasion of MDA-MB-231 cells by 13 e. Mean cell numbers (with standard error of the mean) invading through Matrigel in a transwell assay are shown (n = 6-8 replicates from three independent experiments). Asterisks denote statistically significant differences from the control by unpaired, two-tailed Students t-tests (with P < 0.0006 at all three concentrations). The minimum lethal concentration (MLC) for 13 e under the conditions of the cell invasion assay was 50 mm. In the cell invasion assay, cells were at a lower density than in the wound closure assay, and compounds were added at the same time as the cells, rather than after attachment and growth.
www.chemeurj.org brary, despite its small number of components, allowed the identification of compounds that inhibit cell migration and cell invasion. We expect that this synthetic pathway can undergo further development and optimization, including the construction of solid phase libraries of the 16 distinct scaffolds for extensive chemical genetic screening. We are optimistic that this approach might lead to the development of effective tools for chemical biological studies and the identification of therapeutic lead compounds.
Experimental Section
Synthesis: Detailed synthetic procedures are available in the Supporting Information.
Statistical analyses: For all assays (wound closure; trypan blue dye exclusion; tetrazolium salt), statistical comparisons between the data obtained for the control and each treatment condition were performed by using unpaired, two-tailed Students t-tests, with statistically significant differences defined as P < 0.05.
Wound closure: MDA-MB-231 cells (American Type Culture Collection number: HTB-26) were cultured in 75 cm 2 tissue culture flasks with growth medium (Dulbeccos minimum essential medium (DMEM) containing 10 % fetal bovine serum) at 37 8C under 5 % CO 2 in a humidified tissue culture incubator. The cells were grown to 80 % confluence and then treated with trypsin, collected, and replated in 96-well tissue culture plates for initial screening. Once confluent, the cell cultures were treated with compounds at various concentrations or with DMSO carrier solvent alone with fresh growth medium. In all cases, the final DMSO concentration was 0.05 %. After 30 min, the cell cultures were wounded with a sterile micropipette tip, and the wound closure experiments were performed essentially as described previously. [17] Compounds were first screened at 50 mm and evaluated for their antimigratory activity or cytotoxicity. This was accomplished by scoring wounds as opened or closed as a function of time following wounding to determine the time to closure. Cell viability was determined by the trypan blue dye exclusion assay conducted at the end of each experiment, with the ratio of dye-non-excluding (dead) to dye-excluding (live) cells compared with the control. The following compounds inhibited wound closure or were cytotoxic at 24 h after wounding: 9 f, 10 e, 13 b, and 13 e (none of the other compounds exhibited any effect on the rate of wound closure, the morphology of the cells or their viability compared to the control). These four compounds were rescreened at 10 mm; only compounds 9 f, 10 e, and 13 e exhibited subtoxic antimigratory activity at this concentration (they were, however, inactive when rescreened at 2 mm). Therefore, compounds 9 f, 10 e, and 13 e were examined further in quantitative wound closure assays, over a more finely divided range of concentrations. Cell monolayers in 24-well tissue culture plates were treated with different concentrations of each compound 30 min before wounding and then wounded, as described above. Digital images of the wounds were captured immediately after wounding and at 3, 6, 9, 12 , and 24 h post-wounding. The open wound areas, as a function of time after wounding, were determined with NIH Image J software (http://rsb.info.nih.gov/nih-image/) to establish mean percent wound closure over time for each treatment and parallel controls, as previously described. [17] The mean percent wound closure values at 9 h postwounding for all concentrations up to the maximal subtoxic concentration were subjected to nonlinear regression to calculate IC 50 values and 95 % confidence intervals for inhibition of wound closure with GraphPad Prism software.
Cell invasion: Compounds 9 f, 10 e, and 13 e were also analyzed for their ability to inhibit invasion of cells through Matrigel in a cell invasion assay. The assay was performed in transwell chambers according to the manufacturers instructions (BD Biosciences). The polycarbonate membranes (8 mm pore size) of the upper chambers were coated with Matrigel (25 mg). Growth medium containing the tested compound or DMSO alone was added to the lower chambers (600 mL well À1 in 24-well BD Falcon TC companion plates). MDA-MB-231 cells in serum-free DMEM containing the tested compound or DMSO alone were added to the upper chambers (100 mL chamber À of a 5 10 4 cells mL À1 suspension). In all cases, the final DMSO concentration was 0.05 %. Cells were incubated at 37 8C under 5 % CO 2 for 24 h. After removing noninvaded cells from the upper surface of the membrane with a cotton swab, the invaded cells on the lower surface were fixed with MeOH, stained with crystal violet solution, rinsed with water, air-dried, and then counted by using an inverted microscope. In parallel experiments, cell viability, determined using the trypan blue dye exclusion assay at various concentrations of the tested compounds, was evaluated under the conditions of the cell invasion assay.
Cell proliferation and cell viability: The assay was conducted according to the manufacturers instructions (CCK-8; Dojindo Molecular Technologies). MDA-MB-231 cells were plated in 96-well tissue culture plates (125 mL well À1 of a 4 10 4 cells mL À1 suspension in growth medium) and incubated for 24 h at 37 8C under 5 % CO 2 . The cells were then treated with the tested compounds at various concentrations or with DMSO alone. In all cases, the final DMSO concentration was 0.05 %. At the same time, other cells from parallel plates were analyzed using the CCK-8 assay to establish the cell density at the start of the experiment. After 48 h of incubation, the cell numbers for the experimental samples were determined and compared with the initial cell numbers. A cytostatic effect was defined as a reduction in cell number relative to the 48 h control that did not fall significantly below the mean initial cell number. A cytotoxic effect was defined as a reduction in cell number that was significantly below that of the mean initial cell number.
